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a b s t r a c t
Gloeobacter violaceus PCC 7421 is considered, by molecular phylogenetic analyses, to be an early-
branching cyanobacterium within the cyanobacterial clade. G. violaceus is the only known oxygenic
photosynthetic organism that lacks thylakoidmembranes. There is only one report on the development
of a transformation system for G. violaceus [H. Guo, X. Xu, Prog. Nat. Sci. 14 (2004) 31–35] and further
studies using the system have not been reported. In the present study, we succeeded in introducing an
expression vector (pKUT1121) derived from a broad-host-range plasmid, RSF1010, into G. violaceus by
conjugation. The frequency of transformation of our system is signiﬁcantly higher than that described
in the previous report. In addition, luciferase heterologously expressed in G. violaceus functioned as a
reporter. The established system will promote the molecular genetic studies on G. violaceus.
C© 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. Open access under 
CC BY-NC-ND license.1. Introduction
Cyanobacteria are considered to be the ﬁrst oxygenic photosyn-
thetic organisms that emerged about 2.7 billion years ago. Most of
the genes that are responsible for photosynthesis are widely con-
served from cyanobacteria to eukaryotic photosynthetic organisms,
this conservation is a convincing evidence of the endosymbiotic ac-
quirement of eukaryotic chloroplast froma cyanobacterium. This high
conservation has prevented us from understanding of the evolution
of photosynthetic mechanisms from the primordial one. Therefore,
cyanobacteria diverged from early stage of the cyanobacterial evo-
lution may be helpful in studying the evolution of photosynthetic
mechanisms, because such cyanobacteria are expected to retain a
part of primordial properties that had been lost during the evolution
of other major cyanobacteria. However, “primordial cyanobacteria”
that retain a part of primordial properties rarely exist nowadays.
Gloeobacter violaceus PCC 7421 (hereafter referred to as G. vio-
laceus) is a unicellular cyanobacterium, and is considered to be an
early-branching cyanobacterium within the cyanobacterial clade, by
the molecular phylogenetic analyses [1–4]. Almost all oxygenic pho-tosynthetic organisms form the internal membranes called thylakoid
Abbreviations: CBB, Coomassie Brilliant Blue; PCR, polymerase chain reaction; SDS,
sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; Sm, streptomycin
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http://dx.doi.org/10.1016/j.fob.2012.11.003membranes, which are the site for the light reaction of photosynthe-
sis. G. violaceus is the only known oxygenic photosynthetic organism
that lacks the thylakoid membranes [5]. This unique property has
been found only in this organism. Accordingly, both the photosystems
and the respiratory chain in G. violaceus are localized at the cytoplas-
mic membrane. This indicates that photosynthetic activity per cell in
G. violaceus is much lower than those in other cyanobacteria and eu-
karyotic photosynthetic organisms. For these unique characteristics,
the complete genome of G. violaceus was sequenced in 2003 [6]. The
genome sequence revealed that a part of the genes that are respon-
sible for photosynthesis was not found in G. violaceus, whereas those
genes are highly conserved among other oxygenic photosynthetic or-
ganisms [6]. Therefore, in recent years, protein complexes that are re-
sponsible for photosynthesis (e.g. photosystem I and phycobilisome)
in G. violaceuswere biochemically analyzed based on the genome in-
formation [7–11]. These recent results partly solved unique features
previously reported [12–14]. Recently, it was reported that both the
photosynthetic and respiratory complexes were concentrated at the
respective domains, which may have specialized functions, in the cy-
toplasmicmembraneofG. violaceus [15].Moreover, the comparisonof
state transitions between G. violaceus and Synechocystis sp. PCC 6803
showed the commonalities and differences [16]. G. violaceus exhib-
ited state transitions and non-photochemical ﬂuorescence quenching
like Synechocystis sp. PCC 6803 [16]. In G. violaceus, the structure of
phycobilisome was quite different from other cyanobacterial phyco-
bilisomes [12]. Nevertheless, orange carotenoid protein that binds to
phycobilisome was also correlated with blue-light-induced heat dis-
sipation in G. violaceus, like Synechocystis sp. PCC 6803 [16]. These
results suggest that G. violaceus is an ideal organism for investigat-ing the evolution of photosynthetic system by comparison of other
Open access under CC BY-NC-ND license.
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Tyanobacteria.
Molecular genetics, such as the production and analysis of mu-
ants, is a preferable method to analyze the function of individual
enes inG. violaceus. Unfortunately,molecular genetic analysis cannot
e applied to G. violaceus because of the lack of a highly-reproducible
ransformation system for this organism. Only one report on the
evelopment of a transformation system for G. violaceus has been
ublished to date [17]. However, there is no subsequent paper that
escribes the functional expression of the foreign genes in G. vio-
aceus using the system. In the present study, we re-examined the
ransformation system reported previously, and developed a highly-
eproducible transformation system for G. violaceus. We succeeded
n introducing an expression vector derived from a broad-host-range
lasmid into G. violaceus by conjugal gene transfer. Using this system,
e introduced a luciferase gene into G. violaceus, and the resultant
ransformant exhibited signiﬁcant luciferase activity.
. Materials and methods
.1. Culture of G. violaceus
G. violaceuswas grownphotoautotrophically in BG11medium [18]
nder the continuous white light (10 μmol photons m−2 s−1) at 25
C, and air was supplied via an air ﬁlter (Millex-FG, Millipore, Mas-
achusetts, USA). For transformants, 10 μg ml−1 streptomycin (Sm)
as added to the medium. BG11 agar medium containing 1mM TES–
aOH (pH 8.2) was used for solid culture.
.2. Construction of plasmids and transformation of G. violaceus
We used a plasmid vector pKUT1121 [19], which was constructed
rom a broad-host-range plasmid RSF1010 [20], to establish a trans-
ormation system for G. violaceus. The coding region of ﬁreﬂy lu-
iferase gene (luc) was ampliﬁed by polymerase chain reaction (PCR)
singpGL3-Basic vector (Promega,Wisconsin,USA) as a template. The
CR product containing luc gene with additional restriction sites for
deI and XhoI at the 5′- and 3′-ends, respectively, was ampliﬁed using
he following primers: 5′-GGGCATATGGAAGACGCCAAAAACAT-3′ , 5′-
CGGAAAGATCGCCGTGTAACTCGAGAAA-3′ . After the PCR product
as subcloned into pZErO-2 (Invitrogen, California, USA), the se-
uence of cloned luc gene was conﬁrmed by sequencing. The luc gene
as excised from the plasmid by NdeI and XhoI treatment, and sub-
loned into pKUT1121 to yield pKUT-luc.
Transformation was performed by diparental mating basically ac-
ording to the method of Elhai and Wolk [21]. First, a conjugative
elper plasmid, pRK2013 [22], was introduced into Escherichia coli
L1-Blue MRF′ (Agilent Technologies, California, USA). Subsequently,
he expression vector (pKUT1121 or pKUT-luc) was introduced into
L1-Blue MRF′ (pRK2013). Equal amounts of resultant transformant
ells and G. violaceus cells were mixed, and then aliquots of the mix-
ure were spotted onto nitrocellulose membrane on a BG11 agar
edium. Following a 48 h incubation under the light of 5 μmol pho-
onsm−2 s-1, themembranewas transferred onto BG11 agarmedium
ontaining 5 μg ml−1 Sm. Streptomycin-resistant colonies appeared
fter several months, and each colony was ﬁnally cultured in BG11
iquid medium containing 10 μg ml−1 Sm. Total DNA was prepared
rom G. violaceus cells using hexadecyl-trimethyl-ammonium bro-
ide [23]. The presence of marker gene in the total DNAwas checked
y PCR.
.3. SDS–PAGE and Western blotting
Total protein of G. violaceus cells was prepared by the following
rocedure. G. violaceuswas resuspended with a buffer (20 mMMES–
aOH (pH6.5), 1mMMgCl2, 0.5mMCaCl2, 1mMNaCl, 0.6Mbetaine).
he suspended cells were disrupted by repeated agitation with glassbeads (φ = 0.1 mm) at 4 ◦C. After the debris was removed by cen-
trifugation (2000× g, 5 min, 4 ◦C), Triton X-100 was added to the
supernatant at the ﬁnal concentration of 1% to solubilize the mem-
brane. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE) was performed according to Laemmli [24] using 12% (w/
v) of polyacrylamide gel. Total proteins (10 μg) were loaded on each
lane of a gel, and the gel was stained with Coomassie Brilliant Blue
(CBB) after electrophoresis. For Western blotting, separated proteins
in the gel were electroblotted onto a polyvinylidene diﬂuoride mem-
brane (Hybond-P, GE Healthcare, New Jersey, USA). Western blot-
ting and chemiluminescence detection were performed according to
the manufacturer’s instructions. Anti-luciferase antibody (Luciferase
(251-550), Santa Cruz Biotechnology, California, USA) was used as a
primary antibody. After the treatmentwith secondary antibody (Anti-
Rabbit IgG, Jackson Immuno Research Europe, Suffolk, UK), luciferase
was detected by chemiluminescence (ECL Plus Western Blotting De-
tection System, GE Healthcare) with a luminescent image analyzer
(LAS-3000 UV mini, Fujiﬁlm, Tokyo Japan).
2.4. Luciferase assay
The concentration of G. violaceus cells was adjusted to 1.0 × 107
cells ml−1 with BG11 medium. After the cells were adapted to dark-
ness for 5 min, background luminescence was measured with a lumi-
nometer (GloMaxTM 20/20n Luminometer, Promega). Then, luciferin
(Beetle Luciferin, Promega) was added to the cells at the ﬁnal con-
centration of 100 μM, and the luminescence derived from luciferase
reaction was measured.
3. Results
3.1. Antibiotic susceptibility of G. violaceus
First, we tried to culture G. violaceus at 28 ◦C under the light of 20
μmol photons m−2 s−1 according to Guo and Xu [17], however, cells
were not able to survive. Therefore, we applied our routine culture
conditions to further study. We examined the antibiotic susceptibil-
ity of G. violaceus for the use of antibiotic resistance genes as marker
genes of transformant. We tested gentamicin, hygromycin, specti-
nomycin and zeocin in addition to antibiotics used in Guo and Xu
[17]. Table 1 summarizes the result of antibiotic susceptibility test
of wild type G. violaceus. Three antibiotics showed same suscepti-
bility as described in Guo and Xu [17], however, the others showed
different susceptibility (for details, see Section 4). Three of nine an-
tibiotics, erythromycin, Sm and spectinomycin exhibited antibiotic
activity against G. violaceus within the range of 1–50 μg ml−1. For
these three antibiotics, we also checked the antibiotic activity against
G. violaceus on the agar medium. G. violaceus cells adjusted to the
concentration of 1.0 × 103 to 1.0 × 109 cells ml−1 were spotted
onto nitrocellulose membrane on BG11 agar medium including each
antibiotic. As a result, Sm was the most effective for killing cells at
lower concentration (5 μg ml−1). Therefore, we chose Sm resistance
gene (aadA) as a marker gene for the screening of transformant.
3.2. Development of transformation system for G. violaceus
Because G. violaceus was sensitive to Sm (Table 1), we tried to
introduce a broad-host-range plasmid derived expression vector,
pKUT1121 [19] that possesses Sm resistance gene cassette, by con-
jugal gene transfer. After the treatment of exconjugants with Sm,
Sm resistant colonies appeared (Fig. 1A) . In contrast, no colony was
formed in the spot of negative control (Fig. 1B ). The frequency of
transformation of G. violaceus was approximately 1.2 × 10−4 per
recipient cell for pKUT1121. Total DNA prepared from the Sm resis-
tant strain and wild type were used as template of PCR (Fig. 2) to
conﬁrm successful introduction of the plasmid. As a marker gene,
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Table 1
Antibiotic susceptibility of G. violaceus.
Antibiotics Concentration (μg ml−1)
1 5 15 50
Ap R R R R
Cm R R R S
Em S S S S
Gm R R R S
Hyg R R R R
Km R R R R
Sm R S S S
Sp R S S S
Zeo R R R R
Ap, ampicillin; Cm, chloramphenicol; Em, erythromycin; Gm, gentamicin; Hyg, hy-
gromycin; Km, kanamycin; Sm, streptomycin; Sp, spectinomycin; Zeo, zeocin.
R, resistant; S, sensitive.
Fig. 1. Sm resistant colonies formed by conjugation. (A) Conjugation ofG. violaceus and
XL1-Blue MRF′ (pRK2013, pKUT1121). (B) Wild type G. violaceus as a negative control.
Fig. 2. Conﬁrmation of the production of G. violaceus transformants. Coding regions
of aadA (A) and luc (B) were ampliﬁed by PCR. Templates for PCR are as follows: lane
1, total DNA prepared from wild type G. violaceus; lane 2, pKUT1121 prepared from E.
coli; lane 3, total DNA prepared from pKUT1121 strain; lane 4, pKUT-luc prepared from
E. coli; lane 5, total DNA prepared from pKUT-luc strain.
Fig. 3. Detection of luciferase by Western blotting. Total proteins were used for SDS–
PAGE and Western blotting. Lane 1, wild type G. violaceus; lane 2, pKUT1121 strain;
lane 3, pKUT1121-luc strain. (A) The gel image of CBB staining after SDS–PAGE. (B)
The result of Western blotting using anti-luciferase antibody. The arrow indicates the
position of luciferase in the membrane.aadA was ampliﬁed by PCR, and a PCR product that exhibited the
similar migration to that of positive control (Fig. 2A, lane 2) was ob-
served in the Sm resistant strain by electrophoresis (Fig. 2A, lane 3).
In contrast, no ampliﬁcation was found in wild type (Fig. 2A, lane 1).
Furthermore, we transformed two strains of E. coli (XL1-Blue MRF′
and DH5α) with the total DNA. For each E. coli strain, a lot of Sm
resistant colonies appeared after the transformation with the total
DNA prepared from Sm resistance strain. On the contrary, no colony
formed after the transformation with the total DNA from wild type.
Then, plasmids prepared from the E. coli transformants were digested
with restriction enzymes. In agarose gel electrophoresis, the restric-
tion patterns of the prepared plasmids were identical to that of the
original pKUT1121 (data not shown). These results demonstrated that
the Sm resistant strain harbors pKUT1121 as a plasmid. Therefore, we
concluded that the transformation system for G. violaceuswas estab-
lished.We named theG. violaceus transformant pKUT1121 strain, and
used this strain as a control for further experiments.
3.3. Introduction of a luc gene into G. violaceus as a reporter gene
Because we succeeded in developing the transformation system
for G. violaceus by conjugation, we evaluated the use of a luc gene as
a reporter gene in G. violaceus cells. The luc gene was subcloned into
pKUT1121, and the resultant vector (pKUT1121-luc) was introduced
into G. violaceus. By conjugation, Sm resistant colonies were obtained
at the frequency of transformation of approximately 3.6 × 10−5 per
recipient cell. Total DNA was prepared from this Sm resistant strain
(pKUT1121-luc strain), and used as a template of PCR. Two marker
genes, aadA and luc were successfully ampliﬁed by PCR from total
DNA of pKUT1121-luc strain (Fig. 2, lane 5), whereas luc gene was
not ampliﬁed from the total DNA of both wild type and pKUT1121
strain (Fig. 2B, lanes 1 and 3). Transformation of E. coli with the total
DNA prepared from pKUT1121-luc strain conﬁrmed that pKUT1121-
lucwas maintained as a plasmid in pKUT1121-luc strain.3.4. Activity of luciferase expressed in the pKUT1121-luc strain
We examined whether the luc gene was functionally expressed
in the pKUT1121-luc strain, by Western blotting and luciferase as-
say. Total proteins prepared from cells were analyzed by SDS–PAGE
and followingWestern blotting. Although no speciﬁc bandwas found
among wild type, pKUT1121 strain and pKUT1121-luc strain by CBB
staining of the gel (Fig. 3A) , luciferase was immunochemically de-
tected only in the pKUT1121-luc strain (Fig. 3B ). For wild type and
transformants, we measured luciferase activity in vivo (Table 2). The
background luminescence were measured after the dark adaptation
of the cells, and the values were quite low in all samples. After the
addition of luciferin to the cells, approximately 1000 times higher lu-
minescence than background was observed in pKUT1121-luc strain,
whereas virtually no differencewas found inwild type and pKUT1121
strain (Table 2).
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Table 2
Luciferase activity of wild type and G. violaceus transformants.
Samples Background (RLU)* +Luciferin (RLU)*
Wild type 118 ± 16 106 ± 32
pKUT1121 strain 83 ± 5 87 ± 9
pKUT-luc strain 87 ± 11 110437 ± 10431
The values represent the averages and standard deviations of triplicatemeasurements.
∗ RLU, relative luminescence units.
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o. Discussion
Development of the transformation system for G. violaceus was
lready reported by Guo and Xu [17]. They demonstrated the intro-
uction of a RSF1010 derived plasmid intoG. violaceus by conjugation.
owever,we could not reproduce even their culture condition (28–30
C, 10–20 μmol photons m−2 s−1). Because G. violaceuswas reported
o be a cyanobacterium that can grow only under the dim light [5],
e presumed that G. violaceus used by Guo and Xu [17] was adapted
o slightly stronger light condition during long cultivation. Since the
igher-light adapted G. violaceuswas not obtained in our experiment,
e examined proper conditions suitable for the transformation of G.
iolaceus using our routine culture. Sensitivity of G. violaceus to ery-
hromycin and Sm (Table 1) was similar to that described in Guo and
u [17]. However, sensitivity to ampicillin and chloramphenicol was
ifferent from the former result, which demonstrated that ampicillin
as effective at the concentration of 15 μgml−1 and chloramphenicol
as ineffective up to 100 μg ml−1 [17]. We newly evaluated the four
ntibiotics (gentamicin, hygromycin, spectinomycin and zeocin) for
. violaceus. Among them, only spectinomycin was effective.
Weused expression vectors derived fromabroad-host-rangeplas-
id RSF1010, because G. violaceus have no endogenous plasmid [6].
uo and Xu [17] reported that no transformant was obtained by the
ransformation of E. coli DH5α with DNA prepared from plasmid-
ntroduced G. violaceus whereas transformants appeared with high
fﬁciency in the case of amethylation-restrictionmutant, DH10B as a
ost strain. They concluded that the difference in the transformation
fﬁciency reﬂect the presence of DNA methylation in G. violaceus,
hich caused the restriction by E. coli. On the other hand, our re-
ults using DH5α and a methylation-restriction mutant, XL1-Blue
RF′ demonstrated that there is no difference in the transforma-
ion efﬁciency of two strains. Guo and Xu [17] used a vector, pKT210
25], which is different from our vector, pKUT1121 that was recently
onstructed [19]. Both vectors are derived from a broad-host-range
lasmid RSF1010, however, pKUT1121 is 3.3 kb smaller than pKT210.
herefore, the transformation efﬁciency of pKUT1121might behigher
han that of pKT210 for E. coli. However, we assumed that the differ-
nce is not related to DNAmethylation in G. violaceus because DH10B
as transformed with high efﬁciency using pKT210 [17]. Hence, this
nconsistency also indicated that the properties of G. violaceus re-
orted in 2004 was quite different from our strain.
In the transformation of bacteria, restriction-modiﬁcation system
n the cell affects the frequency of transformation. In the case of An-
baena sp. PCC 7120, type II DNA restriction-modiﬁcation system is
ajor barrier against transformation [21]. This problem was over-
ome by the coexpression of DNA methylases that were associated
ith type II restriction enzymes in the E. coli [21]. Guo and Xu [17] re-
orted that the frequency of transformation ofG. violaceus raised from
.63 × 10−6 to 1.67 × 10−5 by the coexpression of three DNAmethy-
ases that were effective for the transformation of Anabaena [26]. In
ur result, the frequency of transformation of pKUT1121 strain was
.2 × 10−4 without coexpression of Anabaena DNA methylases. The
requency of transformation of our system is signiﬁcantly higher than
hat described in the previous report. Moreover, no genes for type
I restriction-modiﬁcation system was found in the genome of G. vi-
laceus [6]. These results indicate that the barrier of the restrictionsystem for transformation is not high in G. violaceus unlike Anabaena.
The luciferase assay revealed that there is no signiﬁcant back-
ground activity in G. violaceus (Table 2). Therefore, the luc gene can
be available for promoter assay using G. violaceus as a host. Although
we could not succeed in accumulating luciferase at a high level (Fig.
3), this low-level expression will be enough for the metabolic engi-
neering of G. violaceus. The genes for enzymes that are responsible
for chlorophyll, carotenoid and lipid biosynthesis are candidates for
alteration, because those molecules affect photosynthetic activity.
In thepresent study,weestablished thehighly-reproducible trans-
formation system on G. violaceus, and demonstrated the introduction
and functional expression of the luc gene inG. violaceus. Using our sys-
tem, other molecular genetic techniques such as transposon tagging
and gene targeting will be developed in the future, and the analyses
of G. violaceuswill progress by the novel techniques.
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